From the time it first expresses a T cell antigen receptor (TCR), an αβ T cell's life-and-death 'decisions' are informed by the interactions of its TCRs with complexes of peptide and major histocompatibility complex (pMHC). Roles for endogenous or pathogen-derived agonist peptides in the thymus and the periphery have been appreciated for some time 1 , and beginning with the initial landmark discovery for MHC class I (ref. 2), endogenous self peptides have been linked to positive selection, the maintenance and homeostatic proliferation of peripheral naive T cells 3, 4 and the priming of effector T cell responses to antigen [5] [6] [7] . Several groups have suggested a connection between those particular self peptides able to promote positive selection and those that effect the peripheral maintenance of MHC class I-restricted T cells 3 and MHC class II-restricted T cells 4 . Subsequently, a link has been drawn between the positively selecting MHC allele and the ability of self peptide-MHC complexes to enhance peripheral T cell responses 5 . However, it is not known whether the fairly small set of self peptides 8 that trigger the positive selection of a particular T cell are also the ones that can enhance the responses of that T cell in the periphery.
A r t i c l e s
From the time it first expresses a T cell antigen receptor (TCR), an αβ T cell's life-and-death 'decisions' are informed by the interactions of its TCRs with complexes of peptide and major histocompatibility complex (pMHC). Roles for endogenous or pathogen-derived agonist peptides in the thymus and the periphery have been appreciated for some time 1 , and beginning with the initial landmark discovery for MHC class I (ref. 2) , endogenous self peptides have been linked to positive selection, the maintenance and homeostatic proliferation of peripheral naive T cells 3, 4 and the priming of effector T cell responses to antigen [5] [6] [7] . Several groups have suggested a connection between those particular self peptides able to promote positive selection and those that effect the peripheral maintenance of MHC class I-restricted T cells 3 and MHC class II-restricted T cells 4 . Subsequently, a link has been drawn between the positively selecting MHC allele and the ability of self peptide-MHC complexes to enhance peripheral T cell responses 5 . However, it is not known whether the fairly small set of self peptides 8 that trigger the positive selection of a particular T cell are also the ones that can enhance the responses of that T cell in the periphery.
Many weak nonagonist peptides, including mutant versions of antigens as well as endogenous peptides, have been identified as positively selecting ligands for MHC class I-restricted TCRs 8, 9 . In this context, the study of MHC class II-restricted TCRs has not kept pace. It has been known for some time that the positive selection of conventional CD4 + T cells also relies on MHC 10 and, critically, on specific peptides 11, 12 , but so far none of these peptides have been identified. And although peptides that positively select MHC class I-restricted TCRs have been identified, a role for specific peptides in TCR signal amplification in the periphery is not clear for CD8 + T cells. MHC class I molecules seem uniformly able to boost agonist signaling, perhaps as a result of the higher affinity of CD8 for MHC class I molecules (relative to the affinity of CD4 for MHC class II molecules) 6 . To test the connection between selecting pMHC and peripheral T cell activation, we therefore needed to identify peptides that positively select an MHC class II-restricted TCR.
Such peptides would also be useful for examining the mechanisms that control the signaling threshold between positive and negative selection. CD4 + CD8 + double positive (DP) thymocytes enact a genetic program that arrests their development and renders them more mortal than any other T cell population. For example, DP cells have higher expression of the 'gatekeeper' transcription factors E2A and HEB 13 and lower expression of prosurvival molecules such as NF-κB 14 and Bcl-2 (ref. 15 ) than do mature T cells. Another such regulator is probably the microRNA miR-181a 16, 17 . MicroRNAs are a class of small, noncoding RNA molecules of 20-22 base pairs that specifically target and either degrade or repress the translation of cognate mRNA 18 . Specifically, miR-181a intrinsically modulates TCR sensitivity by suppressing the expression of several phosphatases that act on multiple nodes of the TCR signaling network 17 .
DP thymocytes are more sensitive to pMHC ligands than are their mature counterparts 19 . DP thymocytes will commit to apoptosis after encountering as few as two agonist pMHC ligands 20 , whereas mature T cells require many more for productive signaling to occur [21] [22] [23] . Immature DP thymocytes have roughly six-to tenfold higher expression of miR-181a than do mature T cells (depending on the genetic background), and miR-181a is at least partially responsible for this thymocyte hypersensitivity; inhibition of miR-181a leads to diminished TCR signaling and impaired positive and negative selection in thymocytes with a fixed TCR specificity 17 . It seems natural to suppose, then, that in a thymus with a diverse TCR repertoire, miR-181a might enforce central tolerance by facilitating negative selection in response to moderate-affinity interactions between TCRs and self peptide-MHC complexes.
Here we report the identification of six endogenous peptides (of more than 90 peptides examined) able to mediate positive selection of the MHC class II-restricted 5C.C7 TCR, which recognizes a fragment of moth cytochrome c (MCC) in the context of I-E k . The strongest positively selecting peptide was also the most able to enhance activation of naive 5C.C7 T cells, whereas none of the nonselecting peptides could do so. This result underscores the peptide-specific nature of the involvement of self peptide-MHC in antigen recognition by CD4 + T cells and suggests a reason for the peptide-specific nature of thymic self-restriction. In addition, we demonstrate that inhibiting miR-181a in thymus cultures did indeed lead to the production of mature autoreactive CD4 + single-positive (SP) T cells specific for particular self peptides of moderate affinity. Thus, the sensitivity provided by the higher miR-181a expression in thymocytes relative to that in mature T cells enforces central tolerance to particular moderate-affinity self peptide-MHC complexes.
RESULTS

Self peptides that positively select the 5C.C7 TCR
A large number of peptides have been reported to be presented in the context of I-E k by a B lymphoma cell line 24 . A coarse analysis has suggested that MHC class II-bound peptides are not very different in thymic and peripheral antigen-presenting cells (APCs) 25 . Therefore, we hypothesized that these peptides might be suitable candidates for positively selecting ligands.
To narrow our search, we first tested the ability of these peptides to elicit expression of the activation marker CD69 (ref. 8) on DP thymocytes from 5C.C7 mice deficient in the invariant chain (Ii), which chaperones I-E k molecules to the endosomes, where they can be loaded with peptides. Accordingly, Ii-deficient mice have lower cell surface expression of I-E k , and these I-E k complexes present a 'redacted' repertoire of self peptides. Among the absent epitopes are those required for positive selection of MCC-I-E k -reactive T cells; thus, over 95% of 5C.C7 Ii-deficient thymocytes are preselection DP cells 11 . Several peptides induced appreciable CD69 upregulation in this assay ( Table 1) . We next tested whether the addition of any of these 5C.C7-reactive peptides allowed the developmental progression of 5C.C7 Ii-deficient DP thymocytes to the mature CD69 -CD62L + CD25 -CD4 + SP stage in fetal thymic organ culture (FTOC). Contrary to our expectations, the most potent CD69-inducing peptide was not the most potent at fomenting the maturation of 5C.C7 T cells ( Fig. 1 and Table 1 Positively selecting peptides for the 5C.C7 TCR A r t i c l e s Table 1 ; >25% of gated CD4 + cells were also CD69 -CD62L + (data not shown)). This ATPase 11c-derived peptide negatively selected 5C.C7 thymocytes at doses of 200 µM or higher and could only moderately positively select 5C.C7 thymocytes at lower doses (100-200 µM; Fig. 1 and Table 1 ). Instead, the peptide that most efficiently induced positive selection was derived from the group-associated antigen-protease-polymerase (Gag-Pro-Pol) polypeptide (called 'GP peptide' here). A 'blast' search of the GP peptide sequence showed that it could be generated from four independent chromosomal loci. Mela (encoding melanoma antigen; GenBank accession numbers 6715563 and DQ366147) is on chromosome 8, E1, and apparently belongs to the protein-coding sequence of an endogenous retrovirus 26 . Rmcf2 (encoding the protein 'resistance to MCF virus 2'; GeneID accession number 619210 and GenBank accession number AY999005) is on chromosome 18, 56.0 cM; this peptide sequence also belongs to a truncated gag protein 27 . The gene encoding the mKIAA1466 protein (GenBank accession number BAC65796.1), a mouse ortholog of the human gene encoding mKIAA1466, can be mapped onto 17 chromosomes of the mouse genome, but only two regions-Gm3168 (predicted gene 3168; GenBank accession number XM_001476722.1) on chromosome 8, C5 and Gm3579 (predicted gene 3579; GenBank accession number XM_001477842.1) on chromosome 4, D2.3-are predicted to express protein 28 . Transcripts corresponding to all four genes were abundantly expressed in stromal cells from the B10.A and B10.BR mouse strains, and two of these transcripts were expressed in particularly large amounts in purified 6C3 + I-E k+ cortical thymic epithelial cells (Supplementary Fig. 1 ). As GP peptide can be processed and presented by I-E k in cells 24 , this suggests that GP-I-E k should be available to developing DP thymocytes at the anatomical site of positive selection.
GP peptide induced the highest percentage of CD4 + SP cells in FTOC (>10% at 200 µM; Fig. 1 ). The next most efficient peptide was derived from the cysteine protease of the endoplasmic reticulum ER60, which was among the weakest in terms of CD69 upregulation. No other peptide yielded more than 5% CD4 + SP cells in FTOC (although a β 2 -microglobulin-derived peptide produced very small numbers of CD4 + SP cells that were functionally mature T cells; Supplementary Fig. 2) . Finally, the glycoprotein gp250-derived peptide did not elicit CD69 upregulation in 5C.C7 thymocytes ( Table 1) , which is notable because Lo et al. show in this issue that gp250 can positively select the MCC-I-E k -reactive AND TCR 29 .
Selecting peptides in mature T cell activation ER60's ability to positively select 5C.C7 T cells is notable because ER60, when present with agonist peptide in an engineered I-E k 'pseudo-dimer' 30 , has been reported to enhance recall responses of primed 5C.C7 T cells. However, this has not been reported in the context of supported lipid bilayers 31 . As the peptides involved in both positive selection and coactivation are among the weakest ligands known to have any effect on TCR signaling, it seemed natural to suppose that these groups of peptides might overlap to some degree.
To investigate that possibility, we used the antibody G35, which binds to a small subset of endogenous peptide-I-E k complexes that are required for positive selection of 5C.C7 T cells 32 . We prepared splenic B10.BR APCs, treated them with G35, washed them extensively before loading them with MCC, and finally incubated them with naive 5C.C7 T cells. The CD69 response of 5C.C7 T cells was attenuated by pretreatment with G35 (Fig. 2a) . As G35 also weakly binds to MCC-I-E k itself, a possible complication is that residual-free G35 might have simply bound to and blocked MCC-I-E k . To control for this, we used antibody D4, which, like G35, was raised against MCC-I-E k . But unlike G35, D4 does not cross-react with positively selecting peptide-I-E k complexes 32 . Pretreatment with D4 did not impede CD69 upregulation on 5C.C7 T cells. In an analogous experiment, Ii-deficient APCs that lack 5C.C7-selecting peptides were less stimulatory than their wild-type counterparts, even when they presented equal amounts of MCC (Supplementary Fig. 3 ). G35 also bound to GP-I-E k and ER60-I-E k and blocked the positive selection of 5C.C7 thymocytes exposed to these peptides ( Supplementary Fig. 4) . Nonetheless, it is entirely possible that there exists a subset of G35-bound determinants that have no role in thymocyte selection but might nonetheless influence mature T cell activation. To more directly assess the role of positively selecting pMHC in mature T cell activation, we determined if any of the positively selecting peptides we had found could boost the responses of naive 5C.C7 T cells to MCC.
For this, we used Ii-deficient B10.BR splenic APCs. As these cells lack positively selecting pMHC, we reconstituted them with various peptides along with MCC and assessed their ability to stimulate naive 5C.C7 recombination-activating gene 2-deficient T cells. At low concentrations of MCC, GP peptide enhanced CD69 expression (Fig. 2b) , but neither hemoglobin (another I-E k -binding peptide and a null ligand for 5C.C7) nor ER60 could do so. The slightly lower MCC dose response seen in the presence of these two peptides may be due to their competition with MCC for MHC loading. Somewhat unexpectedly, ATPase 11c peptide did not enhance MCC-induced CD69 expression, and neither did any other peptide that we tested (Fig. 2c) .
Notably, the enhanced response to APCs loaded with both MCC and GP peptide relative to the response to MCC alone was not due to an artifact of peptide loading. By measuring the peptide loaded using a biotinylated version of MCC 21 , we found that at the concentrations used here, GP peptide did not alter the amount of MCC loaded onto MHC (Supplementary Fig. 5a ). We also observed enhanced CD69 expression when we loaded and washed away excess MCC before incubation with GP peptide; in this case, the two peptides were never in competition with each other (Supplementary Fig. 5b) .
GP peptide-mediated enhancement of signaling was also TCR specific, as neither 3.L2 nor 3A9 TCR-transgenic T cells responded any more vigorously to their cognate agonist peptides (hemoglobin amino acids 64-76 in the context of I-E k , and hen egg lysozyme amino acids 46-61 in the context of I-A k , respectively) when presented by B10.BR splenic APCs in the presence of GP peptide (Fig. 2d) . GP peptide actually seemed to inhibit the 3A9 response, but this inhibition was due to competition for peptide loading, as it was abolished when hen egg lysozyme and GP peptide were loaded sequentially ( Supplementary  Fig. 6 ). GP peptide did boost the response of 2B4 TCR-transgenic T cells, but this might reasonably have been due to some shared specificity, as 2B4 also recognizes MCC-I-E k as its cognate antigen. Finally, GP also enhanced 5C.C7 T cells' functional response to MCC-I-E k , in terms of proliferation and cytokine production (Fig. 2e) . Thus, among 95 peptides, GP was the most capable in terms of both positive selection and the ability to assist the naive T cell response.
Central tolerance requires miR-181a
Published work has suggested that miR-181a enhances TCR signaling sensitivity in thymocytes relative to mature T cells 17 . To examine the role of miR-181a in thymic selection, we made use of an antagomir 33 specific for miR-181a (antagomir 181a) 17 . Antagomirs are 5′-modified and methylated antisense RNA molecules that target and specifically inhibit their cognate miRNA molecules 33 (Supplementary Fig. 7) . As a control, we used an otherwise identical antagomir with its seed region 'scrambled'. The seed region is composed of nucleotides 2-7 of the mature miRNA and critically determines its specificity for target mRNA.
It has been suggested that the greater TCR sensitivity of DP thymocytes is important for deletion of self-specific thymocytes 19 . To investigate whether dampening the sensitivity of DP thymocytes to TCR signaling would result in the production of mature 'self-avid' and self-reactive T cells, we generated FTOCs from wild-type B10.BR mice at embryonic day 16 and treated them with antagomirs beginning 1 d after the establishment of the culture (the equivalent of embryonic day 17, when DP cells have just begun to appear; Fig. 3a) . After 6 more days we liberated thymocytes from these cultures, washed away any leftover antagomir and added freshly isolated T cell-depleted irradiated B10.BR splenocytes as APCs. A r t i c l e s the CD4 + SP T cells that had matured in the antagomir 181a-treated FTOC upregulated CD69 and released the proinflammatory cytokines interferon-γ, tumor necrosis factor and IL-17 in response to irradiated syngeneic splenocytes (Fig. 3b,c) . T cells that had matured in the control antagomir-treated FTOCs did not show this self-reactivity. Thus, thymic miR-181a expression is important for the elimination of self-reactive thymocytes. Together with published results 17 , such autoreactivity suggested that miR-181a might be crucial for setting a low threshold for signaling in DP thymocytes. However, the induction of autoimmunity involves a complex interaction of conventional and regulatory T cells 34 . As the development of natural regulatory T cells also relies on TCR signaling in the thymus, one explanation for our observations could be the ablation or alteration of regulatory T cells by miR-181a inhibition. Therefore, we sought more direct evidence of a miR-181a-dependent shift in the conventional TCR repertoire. Specifically, we hypothesized that self peptide-MHC complexes with moderate affinity for TCRs would generate signals strong enough to prompt deletion of normal thymocytes; however, in the absence of miR-181a, thymocytes bearing these TCRs would not be eliminated and would be allowed to mature into autoreactive T cells.
We reasoned that the GP and ATPase 11c peptides should represent moderate-affinity self ligands for the 5C.C7 TCR because ATPase 11c is strong enough to induce negative selection in 5C.C7 transgenic thymocytes at sufficiently high doses and GP peptide is strong enough to influence mature 5C.C7 T cell activation. By using thymi in which the 5C.C7 TCRβ chain is fixed but the TCRα chain is allowed to vary, we hoped to generate a semi-diverse TCR repertoire that would still be enriched for TCRs that recognize GP and ATPase as positively selecting peptides. Diversity of the TCRα chain should allow the production of some TCRs that bind GP peptide and/or ATPase11c with affinity high enough to induce negative selection in an otherwise normal thymus. To find out if these TCRs are spared from negative selection in the absence of miR-181a, we treated 5C.C7 TCR β-chain-transgenic FTOCs with antagomir 181a or mismatched control antagomir and then liberated the resulting thymocytes after 7 d of culture. We allowed these cells to interact with T cell-depleted splenic B10. BR APCs for another 4 d and analyzed the resulting T cell populations with tetramers of GP-I-E k or ATPase 11c-I-E k (Fig. 4) . Consistent with what has been seen in healthy mice 35 and human subjects 36 , control mocktreated thymi produced few GP peptide-or ATPase 11c-reactive T cells (Fig. 4b,d) . However, thymi treated with antagomir 181a produced considerably more T cells specific for GP-I-E k or ATPase 11c-I-E k in terms of the total number of tetramer-positive cells (Fig. 4a,c) and as a percentage of total T cells (Fig. 4b,d) . Furthermore, the tetramer-specific T cell populations expanded in the presence of additional GP or ATPase 11c peptide (Fig. 4a,c) , which shows that miR-181a is necessary to prevent the development of T cells that are specific for and reactive to self peptide-MHC complexes of moderate affinity.
Feedback regulation of miR-181a by TCR signaling
Individual T cells can vary substantially in their expression of different signaling molecules and, consequently, T cells bearing the same TCR can respond differently to a particular peptide-MHC ligand 37 . Therefore, effective central tolerance might involve not only the selection of an appropriate TCR repertoire but also setting of the appropriate signaling sensitivity in individual T cells. The miR181a-dependent transition from higher to lower TCR sensitivity as cells progress from the DP stage to the SP stage might simply be part of the developmental program of T cell maturation. Alternatively, it might represent 'tuning' of TCR sensitivity by alteration of the amount of miR-181a expression according to the strength of TCR interactions with thymic self peptide-MHC complexes. We sought to determine whether miR-181a downregulation is one of the many long-term changes in gene expression that result from positive selection, or whether it is more acutely and directly related to TCR signaling. First we stimulated 5C.C7 Ii-deficient preselection DP thymocytes with plate-bound I-E k complexes and measured their expression of miR-181a relative to that of unstimulated thymocytes after 1 h by quantitative PCR. As this time frame is too short for DP cells to commit to positive selection 38 (and in any case, DP cells do not progress to the SP stage in such cultures), any changes we observed should have represented acute regulation by TCR signaling. DP thymocytes downregulated miR-181a to 25-33% of their resting amounts in response to acute stimulation with MCC-I-E k or GP-I-E k (Fig. 5a) .
Next we purified DP thymocytes from nonselecting 5C.C7 Ii-deficient thymi and from positively selecting 5C.C7 B10.BR thymi. In DP cells that have not yet begun their progression toward the SP stage, any differences in miR-181a expression should reflect a response to acute TCR stimulation rather than differentiation. We noted considerable downmodulation of miR-181a in DP cells from the positively selecting environment relative to that in DP cells from nonselecting thymi (Fig. 5b) . Together these data suggest that TCR signals directly feed back to modulate miR-181a expression, and thus TCR sensitivity, according to the strength of the selection signal in the thymus.
DISCUSSION
Here we have shown that of 95 endogenous I-E k -bound peptides, 6 could positively select CD4 + T cells bearing the 5C.C7 TCR in Ii-deficient FTOCs. This report and the accompanying report of Lo et al. 29 are the first to our knowledge to identify endogenous peptides able to positively select T cells bearing MHC class II-restricted TCRs. Like peptides that positively select the MHC class I-restricted OT-I TCR 8 , the strongest of these 5C.C7 positively selecting peptides, GP, structurally resembles the 5C.C7 nominal antigen MCC; the two peptides share four identical residues and a chemically similar fifth residue. The conserved residues in MCC and GP peptide are those that provide the MHC anchors 39 . Thus, the underlying 'shapes' of MCC-I-E k and GP-I-E k might be similar, although the particular side chains that underlie the fine specificity of the 5C.C7 TCR for each pMHC complex are very different. This finding agrees with the observation that a peptide-dependent MHC conformation is important for selection 40 and is also consistent with published reports of degeneracy or polyspecificity in the TCR-contacting residues of peptides as a result of positive selection 41 . In addition, GP peptide is structurally compatible with the published positive selection-inhibiting G35 antibody 32 , and G35 bound to GP-I-E k and blocked GP-I-E k -mediated positive selection. These features of GP peptide are thus consistent with what is known about the peptides that positively select 5C.C7 in particular, and TCRs in general, in vivo. The concentration of GP peptide required for its activity in FTOC was somewhat higher than what is required for the best positively selecting peptides for OT-I TCR. This may have been due in part to differences in MHC expression and/or peptide loading in the FTOCs deficient in β 2 -microglobulin and transporter associated with antigen processing used in MHC class I-restricted systems and the Ii-deficient FTOC used here, or it may have reflected the relatively large amount of GP peptide available in the thymus.
However, the sequence similarity between GP peptide and MCC may not be a 'hard and fast' rule governing selection. The other self peptides that-albeit more weakly-drove positive selection of 5C.C7 T cells were less similar in sequence to MCC. Also, gp250, a peptide able to positively select the MCC-I-E k -responsive AND TCR, does not seem to share extensive homology with the AND nominal antigenic peptide 29 . Furthermore, GP-I-E k failed to stimulate a response from AND thymocytes, and gp250-I-E k did not elicit a response from 5C.C7 thymocytes. Thus, although these two TCRs recognize the same antigen, their fine specificity for positively selecting ligands is very different.
GP peptide was also notable because it acted in synergy with MCC to activate mature 5C.C7 T cells. This contrasts with what has been reported for CD8 + OT-I T cells, in which endogenous pMHC complexes are either neutral 42 or uniformly synergistic regardless of peptide sequence 43 . In the latter case, this was attributed to the relatively high-affinity interaction between CD8 and the invariant portion of MHC class I (ref. 44); strong binding of CD8 to MHC class I may overwhelm and obviate the need for the binding of TCR to any particular endogenous pMHC. As the affinity of CD4 for MHC class II is much lower, weak interactions between TCRs and particular endogenous pMHC complexes may contribute in a biologically meaningful way to the overall functional outcome of interactions between CD4 + T cells and MHC class II-expressing cells. Alternatively, there may yet be an unidentified peptide-specific role for self MHC in enhancing CD8 + T cell responses.
The identity of these positively selecting peptides was also useful in answering questions related to central tolerance. It is known that miR-181a controls the TCR signaling sensitivity threshold of T lymphocytes. Here we have provided direct evidence that this miR181a-dependent threshold crucially determines the affinity of TCRs that are deleted in the thymus versus those that escape to the periphery. DP thymocytes are normally more sensitive to TCR stimuli than are their peripheral naive counterparts, due at least in part to higher miR-181a expression 17 . When we reduced miR-181a expression in DPs undergoing thymic selection, the resulting mature T cells recognized and were activated by particular high-affinity positively selecting self peptides. Thus, if DPs were allowed to undergo thymic selection with the TCR sensitivity of peripheral mature T cells, the result would probably be autoreactivity. For this reason, stage-specific miR181a-mediated 'tuning' of TCR sensitivity seems to be a necessary feature of successful immunity. It is notable that mature T cells, already very sensitive to even single agonist ligands 21 , must be made less sensitive than they otherwise could be to function properly. Nonetheless, positively selecting peptides retain some measure of activity that can influence peripheral mature T cell function. It has been shown that gp250 facilitates homeostatic maintenance and proliferation of AND T cells 29 , and GP peptide acted to enhance the response of 5C.C7 naive T cells. These observations raise two important points.
First, there exist weak epitopes that influence peripheral T cell function but that cannot be detected by assaying mature T cells. Stage-specific alterations in TCR sensitivity can be taken advantage of to discover these epitopes, as we have done here for GP peptide. Second, the ability to alter responsiveness toward particular peptides by modulating miR-181a expression might be a way to 'tune' responsiveness in the periphery. Expression of miR-181a is quite low in naive T cells and lower still in activated T cells, but in those populations, miR-181a expression may be heterogeneous. We have shown here that DP thymocytes modulated miR-181a expression in response to positively selecting self peptide-MHC complexes in the thymus. This TCR-mediated feedback regulation of TCR sensitivity may serve to 'tune' T cells according to the affinity of their TCRs so that, for example, a T cell with a particularly 'self-avid' TCR could still become a productive member of the mature repertoire, as long as miR-181a was expressed in amounts low enough to prevent overt autoreactivity. As self peptide-MHC is the major driver of the maintenance of naive T cells, stronger TCR signaling in response to self peptide-MHC in the periphery might more strongly suppress miR-181a expression than would weaker signaling. Thus, miR-181a might represent a way to normalize T cell responsiveness despite differing TCR affinity for self ligands.
In the context of dynamic miR-181a expression, the ability of endogenous self peptides to influence mature T cell function seems to be a natural and beneficial outcome, as miR-181a downregulation can lower TCR sensitivity to self ligands but cannot abolish the TCR's affinity for those ligands. By the same token, it might be expected that particularly avid positively selecting self peptides would retain some more overt measure of reactivity even when miR-181a is downregulated to only a few dozen copies per cell, as it is in peripheral T cells. In fact, some self peptides can enhance naive T cell responses to their nominal antigens by maintaining a state of phosphorylative readiness 5 or perhaps by providing unique 'coagonistic' signals 45 . Here we have shown that at least in one case for the 5C.C7 TCR, the positively selecting peptide and the mature T cell response-enhancing peptide are one and the same.
This raises the question of what precisely positive selection is selecting for. It has long been thought that selecting for TCRs that have a weak affinity for self peptide-MHC would enrich the TCR repertoire for the ability to recognize foreign antigen presented by self MHC 46 . However, evolutionary pressure on variable-region gene segments has already conferred substantial MHC specificity 41, 47 and self MHC restriction 48, 49 . Furthermore, as shown here and by Lo et al. 29 for MHC class II-restricted T cells, positive selection of a given TCR is extremely specific for self peptides and not just for self MHC, in that 6 of 95 peptides could select 5C.C7 T cells and 1 of 95 could select AND T cells 29 . This peptide specificity is further underscored by the observation that 5C.C7 and AND 29 , two TCRs that are restricted to I-E k and recognize the same foreign I-E k -bound peptide, are positively selected by distinct self peptides. Similarly, only 2 among the 27 self peptides tested drove maturation of the MHC class I-restricted OT-I TCR 8 . These results suggest that positive selection is testing for a more stringent interaction than binding to self MHC alone. One possibility for this parameter might be the ability of a particular self peptide-MHC complex to participate in TCR signaling in mature T cells, as suggested before 50 . In support of this, T cells that bind to an antigen-I-A b tetramer are positively selected in both b-haplotype and d-haplotype mice but are better able to respond to that antigen if they are selected by I-A b (ref. 49) . However, this response-enhancing ability does not seem to be common, as we and Lo et al. have found only one such self peptide for 5C.C7 and one for AND 29 , respectively, among 95 candidates. Given this high degree of specificity, we suggest that at least some of the TCRs generated in the thymus cannot use any particular self peptide-MHC complex in this way, and so it is advantageous to select those clones that can. Thus, we believe that positive selection selects for TCRs that can interact with those self peptide-MHC complexes that are useful in the periphery for maintaining homeostasis 4, 29 and/or enhancing T cell responses to foreign antigens 5, 29, 50 .
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
